The as-cast microstructure of Fe-Cr-C-V white irons consists of M 7 C 3 and vanadium rich M 6 C 5 carbides in austenitic matrix. Vanadium changed the microstructure parameters of phase present in the structure of these alloys, including volume fraction, size and morphology. The degree of martensitic transformation is also dependent on the content of vanadium in the alloy. The volume fraction of the carbide phase, carbide size and distribution has an important influence on the wear resistance of Fe-Cr-C-V white irons under low-stress abrasion conditions. However, the dynamic fracture toughness of Fe-Cr--C-V irons is mainly determined by the properties of the matrix. The austenite is more effective in this respect than martensite. Since the austenite in these alloys contained very fine M 23 C 6 carbide particles, higher fracture toughness was attributed to a strengthening of the austenite during fracture. Besides, the secondary carbides which precipitate in the matrix regions also influence the abrasion behavior. By increasing the matrix strength through a dispersion hardening effect, the fine secondary carbides can increase the mechanical support of the carbides. Deformation and appropriate strain hardening have occurred in the retained austenite of Fe-Cr-C-V alloys under repeated impact loading. The particles of precipitated M 23 C 6 secondary carbides disturb dislocations movement and contribute to increase the effects of strain hardening in Fe-Cr-C-V white irons.
High chromium white cast irons are an important class of wear resistance materials currently used in a variety of applications where stability in an aggressive environment is a principal requirement, including the mining and mineral processing, cement production, slurry pumping and pulp and paper manufacturing industries.
For abrasion resistance, nearly all high chromium cast irons are used as hypoeutectic alloys containing 10-30 wt.% Cr and 2-3.5 wt.% C. The abrasion resistance of these alloys is primarily determined by the features of M 7 C 3 carbides, such as their volume fraction [1] [2] [3] [4] [5] [6] , hardness [1, 2] , morphology [7, 8] and orientation [9] [10] [11] [12] . The structure of the matrix that supports the carbides may be extensively altered by alloying and heat treatment [2, 3] . It has been already shown that both factors have significant influence on the wear behaviour [1, 2, 4] . The eutectic carbides play a strong role in influencing the fracture toughness of white irons [1, [13] [14] [15] . It has been observed that the proportion of eutectic carbides on fracture surfaces is greater than that measured on polished sections [5] . This reflects the brittle nature of the eutectic carbides, with cracks preferentially following the carbide structure. Increasing the carbide volume would increase the number of brittle carbides in the structure, while reducing the amount of matrix material between these carbides. As expected, increased carbide volume decreases the fracture toughness for both austenitic and martensitic matrix [4, 13, 15] .
Extensive industrial applications of high-chromium white cast irons have attracted researchers to try different carbide-forming elements such as tungsten [16, 17] , niobium [16, [18] [19] [20] [21] [22] [23] [24] [25] , vanadium [16, 21, [26] [27] [28] [29] [30] [31] [32] [33] [34] , titanium [19, 21, [35] [36] [37] [38] [39] and boron [40] to further improve this type of material. The addition of an alloying element which confines carbon in the form of a carbide different from cementite, with a greater hardness and more favorable morphology, and which reduces the carbon content of the matrix, allows the simultaneous improvement of both toughness and abrasion resistance [2, 21, 25, 26, 29] . By controlling the morphology of the carbide phase and the matrix structure in these materials, significant improvement of toughness and service life may be achieved.
The main goal of adding molybdenum to white cast iron is to improve hardenability. However, only part of the molybdenum contributes to this goal. The presence of carbon in the alloy and its chemical affinity for molybdenum promotes the formation of M 2 C or M 6 C carbides at the end of the solidification process [19, 41, 42] . Addition of the tungsten to high chromium white iron leads to the formation of M 6 C carbide (upper than 10% W) that crystallizes in a finely dispersed form as eutectic in the final stage of solidification [16, 17] . The introduction of niobium to high chromium white irons resulted in the preferential formation of NbC which is appreciably harder than other carbides present and which forms efficiently since niobium is partitioned fully to these phases [18, 19, 22, 23] . Subsequently, niobium improves the hardness, wear resistance and fracture toughness [20, 21, 25] . The solubility of titanium to molten cast iron is so small that fine TiC carbides precipitate at higher temperature even in the low titanium-bearing melts, and they likely affect the following solidification [36, 39] . Cerium has limited solubility in austenite and M 7 C 3 eutectic carbide [25, 43, 44] . This element formed inclusions in high chromium white irons [45, 46] . In hypoeutectic alloys, around the very fine inclusions of cerium, the carbide particles rich in chromium were formed. The carbide particles can act as the heterogeneous nuclei of austenitic dendrites to enhance nucleation or interfere with their growth and improve the refinement of primary dendrites [45] .
Vanadium appeared to be of special interest, due to its double effects, on both the matrix structure and stereological characteristics of carbides. The aim of this paper is to review the microstructural characteristics and properties relevant to the service performance of hypoeutectic Fe-Cr-C-V white cast irons, namely the hardness, abrasion wear resistance, fracture toughness and repeated impact resistance.
MICROSTRUCTURAL DEVELOPMENT
The as-cast microstructure of hypoeutectic F-Cr-C--(V) white irons (chemical composition listed in Table 1) consists of primary austenite dendrites and eutectic colonies composed of M 7 C 3 carbides and austenite (Fig. 1) .
Also, vanadium rich carbides are found in Fe-Cr-C-V irons containing 1.19-4.73% V (Fig. 2) . Vanadium carbide present in these alloys was identified as M 6 C 5 type carbide ( Fig. 2 ) and its stoichiometric formula is V 3.6 Cr 1.2 Fe 1.1 C 5 [34] . The same type of carbide was found by de Mello et al. [28] in cast iron containing 10% Cr and 6% V.
Dupin and Schissler [47] did not detect the vanadium carbide formation in high chromium white cast iron with 1% V. Nonetheless, Bedolla-Jacuinde [21] in 16.9% Cr-2.58% C-1.98% V alloy and Matsubara et al. [48] in 17.54% Cr-3.57% C-3.14% V alloy observed that (γ + MC) eutectic solidification did not occur because of lower vanadium content, which was different from the report of Stefanescu and Cracium [49] who indicated that vanadium carbides are present in the microstructure of 14.66% Cr-2.95% C-2.9% V alloy. Furthermore, Sawamoto et al. [16] found that vanadium carbides formed in high chromium white cast irons contained more than 5% V. The established disagreement appears to be a result of different cooling conditions, on one hand, and of the fact that vanadium carbides are difficult to notice due to their small volume fraction and size, on the other hand. 
Solidification behaviour
With an increase of vanadium content, the alloy composition approaches the eutectic composition in quaternary Fe-Cr-C-V system, causing a decrease of the solidification temperature interval (Table 2) .
Solidification starts with formation of γ-phase at 1341 °C in Fe-Cr-C alloy with no vanadium addition, at 1319 °C in Fe-Cr-C-V alloy containing 1.19% V, and at 1284 °C in Fe-Cr-C-V alloy containing 4.73% V. In the course of primary γ-phase growth, the composition of the remained liquid was changing. Due to limited solubility of carbon, chromium and vanadium in the austenite, these elements accumulated in front of the progressing solid-liquid interface. At temperatures little bit lower than liquidus temperature (1315 °C in alloy containing 1.19% V, 1278 °C in alloy containing 4.73% V) during the eutectic reaction that takes place, in local areas enriched in vanadium, eutectic composed of vanadium rich carbide and austenite was developed. The particles of vanadium carbides disturb or completely block further γ-phase growth, with the efficiency depending on their volume fraction, size and distribution [34] .
As the temperature falls and solidification progresses, primary austenite dendrites reject solute (carbon, chromium and vanadium) in to the remaining liquid until the eutectic composition is reached and the monovariant eutectic reaction (L → γ + M 7 C 3 ) takes place. From the melt remained in interdendritic regions the coupled austenite-M 7 C 3 eutectic was forming at 1244 °C in Fe-Cr-C alloy with no vanadium addition, at 1249 °C in alloy containing 1.19% vanadium, and at 1257 °C in alloy containing 4.73% vanadium. Bedolla--Jacuinde et al. [50] found that M 7 C 3 eutectic carbides in high chromium white irons nucleated on the surface of the primary and secondary dendrites arms. The eutectic γ-phase nucleated side-by-side with the hexagonal M 7 C 3 carbides, and both eutectic constituents may then grow more or less at the same rate with bars surrounded by austenite, and coupled growth develops.
The eutectic regions of carbide and austenite grow as colonies, indicating growth of a faceted-non-faceted eutectic [27, 51] . Irregular eutectic structures are developed when a non-faceted phase is coupled with a faceted phase. In such eutectics, local morphological adjustment of interphase spacing is severely encumbered by the limited branching ability of the highly anisotropic faceted phase containing planar defects. Thus, the spatially non-uniform or irregular structure that evolves during faceted-non-faceted eutectic solidification is inherently three-dimensional, where the relationship between the growth mechanisms of the faceted phase and the complex non-isothermal interface structure gives rise to a more diverse range of solidification microstructures than that exhibited by regular eutectics [27, 51, 52] . It has been reported [52] that solute elements, even in trace amounts, may have a strong influence on eutectic growth morphology. 
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With increasing vanadium content in the alloy, the volume fraction of primary austenite is decreased, whereas the amount of M 7 C 3 and M 6 C 5 carbides are increased. In addition, dendrite arms spacing (DAS) and size of eutectic M 7 C 3 carbides are decreased, while the size of M 6 C 5 carbides is increased with increasing vanadium content (Table 3) . When the solidification temperature interval is narrower (as the consequence, in this case, of alloying high chromium white iron with vanadium), around the primary dendrite of the γ-phase in the remaining portion of the melt, the temperature and concentration conditions appear more readily, thus enabling the formation of eutectic colony nuclei and their growth which results in the interpretation of further γ-phase growth [34] . The eutectic colonies growth rate is well increased with increasing eutectic temperature, i.e., with a lowering of the solidification temperature interval, thus influencing the formation of a larger amount of finer M 7 C 3 carbides ( Table 3) .
Morphology of M 7 C 3 eutectic carbide M 7 C 3 carbide has a pseudo-hexagonal structure with lattice parameters a = 13.9820 Å and C = 4.5065 Å, point group mmm and space group Pmna [53] . M 7 C 3 forms as eutectic carbide during solidification with a distinguishable characteristic that it always appears to contain a high concentration of structural faulting [2] . Figure 3 shows a part of the eutectic M 7 C 3 carbide containing many twins. The SEM micrographs of deep etched sample revealed that single M 7 C 3 eutectic carbides in white iron, were rod or blade shaped, where the blades are basically consist of multiple rods (Fig. 4) . The hexagonal (Cr,Fe) 7 C 3 carbides grow as rods and blades, with the fastest [1] growth direction, and form a continuous network within each eutectic colony [9] . In the Fe-Cr-C-(V) type alloys, three different compositions of M 7 C 3 carbides with different the Fe/Cr ratio of atomic fraction have been found (Table 4) . While Fe/Cr ratio of atomic fraction in Fe-Cr-C-V alloy containing 0.12% V is 0.71 for carbides of composition C 1 , it is 0.99 for carbides C 2 and 1.31 for carbides of composition C 3 . In C 1 and C 2 carbides of the alloy containing 1.19% V, vanadium substitutes chromium atoms in M 7 C 3 carbides lattice, while in carbide of composition C 3 , it substitutes iron atoms. The Fe/Cr ratio in this alloy is 0.79, 1.03 and 1.26 for carbides of composition C 1 , C 2 and C 3 , respectively. In alloys containing 3.28% V and 4.73% V, chromium and iron atoms have been substituted by vanadium in all three different compositions of eutectic carbides. In cases of C 1 and C 2 carbies greater number of chromium atoms were substituded by vanadium, while in carbides C 3 greater number of iron atoms have been substituted [27] .
In the earlier studies [21, [54] [55] [56] [57] it has been noticed that Fe/Cr ratio in eutectic carbides depends on carbon content in alloys with the same chromium content (hypoeutectic, eutectic and hypereutectic type alloy) or on the cooling rate. Doğan et al. [54] did observe that while the Fe/Cr ratio of atomic fraction in the M 7 C 3 carbide of hypoeutectic and eutectic high chromium white iron with 15% Cr is approximately 1, it is 1.3 in 15% Cr hypereutectic iron. Jacuinde [57] has found in the study of iron containing 16.9% Cr, 2.58% C and 1.98% V that for higher cooling rate Fe/Cr ratio is 1.36, and that for slower cooling rate Fe/Cr ratio is 0.97.
Different morphologies of eutectic colonies in the columnar zone of as-cast structure of Fe-Cr-C-V white irons presented in Figs. 4 and 5. The eutectic colony consists of carbides of different compositions (Table 4 and Fig. 4 ). Blade-like carbides predominantly show C 3 composition [27] .
Fig. 5. Optical micrographs of hypoeutectic Fe-Cr-C iron (a) and Fe-Cr-C-V iron containing 3.28% V (b 1 and b 2 ) in the columnar zone of as-cast structures (5 mm from the surface). Different morphologies of eutectic colonies are marked by 1 to 3.
In the columnar zone of as-cast structures, the eutectic carbides are usually aligned so that the long axis of the carbide rods is parallel with the direction of heat flow (i.e., perpendicular to the cast surface), forming a highly anisotropic morphology. The formation of eutectic colonies of different morphologies is assumed to be related to the segregation of alloying elements in the melt. That is confirmed by EDS analysis which indicates different M 7 C 3 carbide compositions (Table 4) . During solidification, solute segregation will influence nucleation and growth kinetics through its influence on constitutional undercooling (the constitutional undercooling of a particular phase is dependent on the liquidus and/or eutectic temperature which, in turn, is dependent on the local liquid composition) [27] . Due to different melt composition in particular regions, the constitutional undercooling and also the growth rate are different and the formation of eutectic colonies with different morphologies will be induced (Figs. 4 and 5 ). According to solidification theory [51] , for a hypoeutectic alloy composition, the alloy liquidus is much higher than the eutectic temperature. Thus the corresponding primary phase is highly constitutionally undercooled, due to the long-range boundary layer built up ahead of the solid-liquid interface in this case, and tends to grow faster than the eutectic. Consequently, primary phase will destabilize the solid-liquid interface. At the time when eutectic nucleation and growth occur, the conditions in the melt will in part be imposed by the characteristics of the previous reaction [52] . Since it can be assumed that thermal conditions, such as thermal gradient and cooling rate, are the same, the morphology of the eutectic growth front will depend on melt composition in particular zones. In the regions with a smaller content of alloying elements, the rosette-like eutectic colonies in which carbides are located radially from the center will be formed (Fig.  4d) , whereas in regions of enriched melt, the formation of eutectic colonies consisting of a larger number of long M 7 C 3 carbide rods will be favored (Fig. 4a) .
The morphology of the eutectic carbides vary from the center to the edge of eutectic colonies marked by 1 and 2 in Figs. 4 and 5. The rod shaped carbides are finer at the center of the eutectic colony and become coarser rod-like or blade-like with increased distance from the center (Fig. 4b and c) , as indicates that eutectic solidification begins at the center with a certain undercooling and proceeds radially outward. As solidification progresses, the constitutional undercooling decreases, and thus the rod-like or blade-like carbides that form during the later stages of solidification are coarser [27] .
This can be explained by the fact that, during M 7 C 3 /γ eutectic growth, the solute atoms (as carbon, chromium and vanadium), which are rejected by one phase, are usually needed for the growth of the other. Therefore, lateral diffusion along the solid-liquid interface perpendicular to the growth direction, will become dominant and effectively decreases the solute build-up (ΔC) ahead of both phases. This lateral diffusion causes the interphase spacing, λ, in the eutectic structure to be decreased. However, as λ decreases, an opposing force (capillary effect), which arises from the increased energy associated with the increased curvature of the solid/liquid interface, comes into effect. As shown in Fig. 6 , the diffusion effect can be expressed in terms of a constitutional undercooling (ΔT c ) while the latter can be expressed in terms of a curvature undercooling (ΔT r ) [27, 51, 52] . The sum of the solute (ΔT c ) and curvature (ΔT r ) undercoolings must therefore equal the interface undercooling, ΔT. Both undercoolings vary with λ in opposite ways: ΔT c , which is proportional to ΔC (the driving force for solute diffusion) increases with λ, while ΔT r decreases. The interphase spacing in the eutectic structure is eventually established by the equilibrium between an attractive force arising from the diffusion effect and a repulsive force arising from the curvature effect. Decrease in growth rates will shift ΔT c to ΔT c1 without changing the ΔT r curve, leading to a higher spacing value, λ 1 . It is also evident from Fig. 6 that for small values of λ, eutectic growth is controlled by capillary effects (ΔT r > ΔT c ), while diffusion is the limiting process at large spacing values [51, 58] . With increasing λ values the size of M 7 C 3 carbides increases.
In the case of eutectic colonies marked 3 in Figs. 4d and 5a, eutectic grows uniformly in all directions and finally a rosette-like structure is obtained.
The morphology of particular M 7 C 3 carbides in Fe--Cr-C-V alloys does not significantly change with increasing vanadium content. These carbides are rod or blade shaped. The volume fraction, size and distribution of rod-like and blade-like carbides in the eutectic colonies are changing with increasing vanadium content in the alloy (Fig. 5) . The rod type morphology of eutectic carbides is more dominant in Fe-Cr-C-V alloys with higher content of vanadium. These changes in morphology can be explained by the fact that in alloy with higher vanadium content, due to the higher concentration of vanadium in the melt, and subsequently larger constitutional undercooling, the growth rate is faster than in alloys with lower vanadium content, under the same cooling conditions [27] . 
As-cast matrix microstructure
Vanadium was found to affect the transformation of austenite in as-cast condition of a Fe-Cr-C-V white irons [33] . Changes in the matrix microstructure over the examined range of vanadium levels are illustrated in Fig. 1 .
The austenite remains as a metastable phase at room temperature in Fe-Cr-C alloy with no vanadium addition [1] and Fe-Cr-C-V alloy containing 0.12% V (Figs. 1a) , due to the high amount of carbon and alloying elements that lowers the martensite transformation starting temperature M s .
The inhomogeneity of the dendrites in Fe-Cr-C-V alloys containing 0.49-4.73% V can be clearly seen (Fig.  1b-d) . Fine dark particles predominantly located in the middle zone of the austenite (Fig. 1b-d) were identified to be carbides of M 23 C 6 type (Fig. 7a) . TEM observation revealed that the secondary carbides were distributed in a regular series (Fig. 7a and b) , indicating a precipitation along preferred crystallographic planes. Around the carbide particles, the presence of dislocations (Fig.  7b) or martensite ( Fig. 7b and c) was noticed.
As it can be seen from Fig. 1a -c, in alloys containing less than 3.28% V, primary and eutectic austenite is transformed in a narrow zone along the border with eutectic M 7 C 3 carbide.
It has been suggested by several authors [1, 13, 21, 33, 39] that during eutectic solidification the M 7 C 3 carbide, which grows along the austenite, absorbs carbon from its surroundings and a narrow area at the austenite/carbide interphase becomes impoverished in it. The lack of carbon in these zones of austenite increases the M s temperature which allows these areas of austenite to transform into martensite, during subsequent cooling.
Nevertheless, in Fe-Cr-C-V alloys containing 3.28 ( Fig. 1d ) and 4.73% V [33] , a remarkably higher degree of austenite transformation can be seen. TEM Analysis identified martensite as a product of this transformation [33] .
The chemical composition of austenite changes by changing the vanadium content in high chromium iron (Table 5) . Adding more vanadium into the Fe-Cr-C-V type alloys was followed by higher vanadium content in the austenite, as a normal consequence of its wide solubility range in the γ-solid solution. The lower carbon content experienced in the matrix in alloy with higher vanadium content was assumed to be related to the larger amount of eutectic with M 7 C 3 carbides (Table 3) .
At temperatures below solidus, in the course of further cooling after solidification, M 23 C 6 carbides precipitate in austenite (Fig. 7) , mainly in areas with lower carbon content. Due to heterogeneity of the matrix composition, the precipitation is heterogeneous, and in alloys with vanadium content lower than 2% they were predominantly located in the surface dendrite zone (Fig. 1b and c) .
The carbides precipitation kinetic in austenite of Fe-Cr-C-V alloys depends on the vanadium content in the alloy [33] . In spite of the vanadium content increase in the austenite matrix, the part of the added vanadium was locked in the precipitated M 23 C 6 carbides, whose volume fraction increased in alloys with higher vanadium content.
The transformation of austenite into martensite in the Fe-C-Cr-V alloys is closely related to the precipitation of secondary carbides. Precipitation of M 23 C 6 carbides minimizes the carbon and chromium content in the matrix, and increases the M s temperaature. The degree of martensitic transformation is determined by the amount of precipitated carbides, i.e. depends on the austenite composition [33] . The amount of retained austenite in the Fe-Cr-C-V white irons is found to decrease with increasing vanadium content (Fig. 8) .
Microstructure after subcritical heat treatment
After heat treatment (500 °C/4 h) there were no notable changes in the structure of a basic Fe-Cr-C white iron [2, 13] . However, during isothermal holding at 500 °C for 4 h, the secondary carbides precipitated in the austenite of Fe-Cr-C-V white irons. Martensite present in the as-cast structure was also tempered at this temperature. Austenite was then partly transformed into martensite during the cooling process. The amount of precipitated carbides and volume fraction of martensite which formed depended on the basic ascast structure, i.e., on vanadium content in the alloy [2] .
EFFECT OF MICROSTRUCTURE ON THE PROPERTIES OF TESTED Fe-Cr-C-V ALLOYS
Vanadium therefore altered the microstructure characteristics of high chromium white cast iron and affected its properties.
Effect of microstructure on the hardness of tested Fe-C-Cr-V alloys
The matrix microhardness and the alloy macrohardness were improved by increasing the vanadium content in both the as-cast and heat treated state (Figs. 9  and 10) .
The improved hardness of the Fe-C-Cr-V white irons by increasing vanadium content in as-cast condition (Fig. 10) was the result of an increased volume fraction of the eutectic M 7 C 3 and V 6 C 5 carbide. Nevertheless, an increase in the amount of precipitated carbides in austenite and the formation of a larger amount of martensite, combined with a reduction in the volume fraction of retained austenite (Fig. 8) , improved the matrix microhardness (Fig. 9) , and consequently the alloy macrohardness (Fig. 10 ) in both the as-cast and heat treated states [29] .
Effects of microstructure on the abrasion wear resistance of tested Fe-C-Cr-V alloys
The influence of vanadium on abrasion resistance* is presented in Fig. 11 . Wear resistance improved as *Abrasive wear resistance was evaluated according to the ASTM Standard Practice G-65, Procedure B (Dry Sand/Rubber Wheel Abrasion Test). the concentration of vanadium increased up to 3.28%, and fell off thereafter. Abrasion wear resistance was slightly higher after heat treatment at 500 °C (Fig. 11) .
The abrasion resistance of the carbide phase was more effective than the matrix in white cast irons, since, mainly, the hardness of M 7 C 3 (1200-1800 HV [1] ) carbides were greater than the hardness of the used abrasive -quartz (900-1080 HV [1] ). In white cast irons the matrix was preferentially worn by a cutting action, under low-stress abrasion conditions. Eutectic carbides were then forced to stand in relief and directly obstruct the cutting action of abrasive particles for a period of time until they were partly or completely removed by a cutting or chipping action [1, 5, 29] . In other words, wear under low-stress abrasion conditions, and using a quartz abrasive, was apparently controlled by the rate of removal of the carbide phase since the protruding carbides protected the matrix from direct attack of abrasive particles [2] . Therefore, increasing the volume fraction of M 7 C 3 eutectic carbides up to 35% in the Fe-C-Cr-V white irons, and simultaneously increasing the amount of very hard V 6 C 5 carbide (2800 HV), reduced the volume loss caused by abrasive wear (Fig. 11) . However, a further increase in the volume fraction of the carbide phase (alloy with 4.73% V, Table 3 ) reduced wear resistance (Fig. 11) , which was most likely attributable to intensive spalling of massive carbides during wear.
In addition to the volume fraction of carbides, the size of phases present in the structure was another microstructure variable which affected the abrasive resistance of the Fe-Cr-C-V alloys. The smaller size of primary austenite dendrites, i.e., the average distance between carbide particles, caused by increasing the content of vanadium in the alloy (Table 3) , protected the matrix better from direct attack by abrasive particles. The shorter rods of M 7 C 3 carbides (Table 3 ) also tended to be less severely cracked during wear, thereby improving the wear resistance of the alloys. It must be specified, however, that the effect of controlling wear rate by refining the microstructure depended on abrasive grit size, i.e., the ratio of mean free path to mean abrasive asperity size [4, 13, 29] . The smaller the ratio, the less likely that grit would undermine the hard particles by penetrating the matrix.
The improved wear resistance of white cast irons after heat treatment, compared with the as-cast condition (Fig. 11) indicated that wear resistance under low-stress abrasion conditions also depended on the matrix microstructure. In addition to the fact that the matrix helped control of the penetration depth of abrasive particles, it also played an important role in preventing bodily removal of smaller carbides and cracking of massive ones [14] . Experimental results indicate that the martensitic or martensite-austenitic matrix microstructure more adequately reinforced M 7 C 3 eutectic carbides to minimize cracking and removal during wear than the austenitic matrix [29] .
Besides, the secondary carbides which precipitate in the matrix regions of high chromium white irons also influence the abrasion behaviour [2, 25] . By increasing the matrix strength through a dispersion hardening effect, the fine secondary carbides can increase the mechanical support of the eutectic carbides. These results agree with those of Liu et al. [59] and Wang et al. [60] who found that the precipitation of fine M 23 C 6 carbides and the more homogeneous carbide distribution as a result of cryogenic treatment is responsible for the improved wear resistance of high chromium white irons.
Effect of microstructure on the fracture toughness of tested Fe-C-Cr-V alloys
The higher content of vanadium in high chromium white iron increases the volume fraction of the carbide phase and reduces fracture toughness. On the other hand, the toughness has been improved by reducing the size of M 7 C 3 eutectic carbide. However, the results of fracture toughness tests* in both as-cast and heat treated conditions (Fig. 12) show that the dynamic fracture toughness in white cast irons is determined *Dynamic fracture toughness was measured at room temperature using an impact test machine equipped with an instrumented Charpy tub. The testing methodology selected was based on the three-point bending tests. The specimens of 10 mm×10 mm×55 mm in size, were notched and precracked by fatigue following ASTM E399 standard. mainly by the properties of the matrix. The austenite is more effective in this respect than martensite [2, 29] . By increasing the vanadium content, the amount of retained austenite decreased, as it shown in Fig. 8 , which subsequently reduced toughness. However, the Fe-C-Cr-V alloys containing 1.19% V in the as-cast condition, showed greater dynamic fracture toughness when compared to the basic Fe-C-Cr alloy, Fig. 12 . Fracture toughness was determined mainly by the energy that had to be consumed in extending the crack through ligaments of matrix [10, 36] . Since the austenite in that alloy contained very fine M 23 C 6 carbide particles, higher fracture toughness was attributed to a strengthening of the austenite during fracture [29] . Hence, the contribution to improving the fracture toughness of the alloy containing 1.19 wt.% V, due to the presence of fine M 23 C 6 carbides within the austenite, was considerably higher than the reduction. Reduction was caused by, on the one hand, increasing the amount of M 7 C 3 carbides and reducing inter-carbide distance, and on the other hand, reducing the volume fraction of retained austenite. Where the content of vanadium exceeded 1.19%, fracture toughness decreased (Fig. 12) , since the matrix microstructure of those alloys was mainly martensitic.
In heat-treated Fe-C-Cr-V alloys with varying contents of vanadium, lower K id values wear obtained, compared with as-cast alloys (Fig. 12) . Several processes which occurred during tempering affected fracture toughness. When held at 500 °C for 4 h, extensive carbide precipitation probably occurred in the martensite present in the as-cast structure, and retained austenite was decomposed [2, 13] . Both effects combined to produce a significant drop in fracture toughness. Furthermore, during the cooling process, after it had been held at the tempering temperature, martensite formed, which also contributed to lower K id values.
Effect of microstructure on the impact resistance of tested Fe-C-Cr-V alloys
The results obtained by examination of impact resistance* of Fe-Cr-C-V white irons in as-cast condition are presented in Fig. 13 .
Fe-Cr-C-V white irons show considerably higher impact resistance compared to the basic Fe-Cr-C white iron (Fig. 13) . However, the vanadium content influence on the impact resistance was not unique, as the importance of the specific structural features brought by adding vanadium indicates [26] .
*The impact resistance of Fe-Cr-C-V white irons was tested using an impact-fatigue test machine. The test balls (ten balls of each examined alloy) were lifted to a height of up to 6.4 m and allowed to fall freely on the hardened steel anvil. Following impact, each ball was automatically recycled, by means of a bucket-type elevator, and allowed to drop again on the anvil. The impact cycles were repeated until the ball failed (defined either by the ball cracking or the appearance of significant spalls). The number of impacts to failure was taken as a measure of the impact resistance. TEM Micrographs of the surface layer (4 mm depth from ball surface) of a Fe-Cr-C-V alloy ball, containing 1.19% V, after impact resistance testing, are shown in Fig. 14. In the surface dendritic area, along the border with M 7 C 3 carbides, austenite was transformed into martensite (Fig. 14a) , and this change was rather similar before and after the impact resistance testing (Fig.  1c) .
Micrographs in Fig. 14b and c indicate a clear plannar deformation substructure. In the austenitic matrix very fine twinning lamellae (width about 50-60 nm) can be observed, due to the twinning occurring on {111} planes (making the angle ≈70°), and a planar dispositional arrangement produced by slip at the same slip system (Fig. 14b and c) .
The hardness was measured at 4 mm depth from ball surface of the Fe-Cr-C-V cast iron containing 1.19% V was 668 HV before the impact test, increasing to the range from 936 to 984 HV, after the test.
The fact that in Fe-Cr-C-V alloys with increasing vanadium content the retained austenite volume fraction decreases (Figs. 1 and 8) , the amounts of precipitated M 23 C 6 carbides and martensite increase (Fig. 1) , and the fact that the impact resistance of the alloys with 0.49% V and 1.19-3.28% V is 60 and 80% higher, respectively, compared to basic Fe-Cr-C alloy (Fig. 13) , indicates the complexity of the hardening process in tested balls.
Deformed substructure revealed in the retained austenite at the surface of the ball after impact test (Fig. 14) , indicates that under repeated impact loading, deformation and appropriate strain hardening come into play [26] . The emergence of fine twinning lamellae as a primary deformation mechanism and subsequent activation of planar slip of dislocations are considered to be anomalies in deformation behaviour of austenitic steels with low-stacking-fault energy, which may result in a very strong strain hardening effect [61] . According to the results of TEM examinations (Fig. 14b and c) , it was supposed that similar activity of an anomalous strain hardening happened in the retained austenite of the tested balls of high chromium white cast iron alloyed with vanadium. The change in the amount of austenite was assumed to affect the strain hardening process, and obviously in the white iron with 4.73% V the strain hardening effect was weak due to a little retained austenite (Fig. 8) .
The particles of precipitated M 23 C 6 secondary carbides disturb dislocations movement and contribute to increase the effects of strain hardening in Fe-Cr-C-V white irons [26] .
According to literature [3] , the impact resistance of Fe-Cr-C white iron with high chromium content decreases with increasing volume fraction of eutectic M 7 C 3 carbides. Nevertheless, in Fe-Cr-C-V white cast irons, regardless of the increased amount of eutectic carbides in the structure, the higher impact resistance for higher vanadium content in alloy up to 3.28% V, can be related to the strain hardening of retained austenite [26] . The alloy with 4.73% V shows a lower impact resistance compared to other Fe-Cr-C-V alloys and it was assumed to be the consequence of, on one hand, the lower amount of retained austenite and the higher amount of martensite and, on the other hand, of a large volume fraction of eutectic M 7 C 3 carbides. Thus, the lower impact resistance found in balls with 4.73% V obviously is the result of a complex interaction of all structural features and hardening phenomena.
CONCLUSIONS
The microstructure of Fe-Cr-C-V white irons consists of M 7 C 3 and vanadium rich M 6 C 5 carbides in austenitic matrix.
With an increase of vanadium content the alloy composition approaches the eutectic composition in the quaternary Fe-Cr-C-V system, causing a decrease of the solidification temperature interval, and thereby also changing the volume fraction, size and morphology of the present phases. Vanadium changes the transformation characteristics of austenite in as-cast condition in the Fe-C-Cr-V type alloys. The transformation of austenite to martensite in the Fe-C-Cr-V is closely connected with the secondary carbide deposition. The volume fraction of the carbide phase, carbide size and distribution had an important influence on the wear resistance of Fe-Cr-C-V white cast iron alloys under low-stress abrasion conditions. However, the dynamic fracture toughness of Fe-Cr-C-V white cast irons is determined mainly by the properties of the matrix. The austenite is more effective in this respect than martensite. Since the austenite in these alloys contained very fine M 23 C 6 carbide particles, higher fracture toughness was attributed to a strengthening of the austenite during fracture. Besides, the secondary carbides which precipitate in the matrix regions also influence the abrasion behaviour. By increasing the matrix strength through a dispersion hardening effect, the fine secondary carbides can increase the mechanical support of the carbides. Deformation and appropriate strain hardening occur in the retained austenite of Fe-Cr-C-V alloys under repeated impact loading. The particles of precipitated M 23 C 6 secondary carbides disturb dislocations movement and contribute to increase the effects of strain hardening in Fe-Cr-C-V white irons.
It was therefore possible, by adding approximately 3 wt.% V to high chromium white iron, to obtain an alloy that will have, in the as-cast condition or after tempering at 500 °C, better properties than high temperature treated alloys with no vanadium addition. This may be very important from a practical point of view, especially for castings with a complex configuration, since the possibility of high residual stresses during high temperature heat treatment and problems related to this process can be avoided.
